We assessed the linearity and slope of the left ventricular end-systolic pressure (PES)-volume (VEs) relation over a wide range of contractile states in conscious dogs. The animals were instrumented to determine left ventricular volume from ultrasonic left ventricular internal dimensions and measure left ventricular pressure with a micromanometer. Studies were performed 1-2 weeks after instrumentation while the animals were conscious. Contractile state was increased by incremental infusion of dobutamine (0, 2, 4, 6, and 8 ,ug/kg/min i.v.) and decreased by verapamil (10 mg i.v.) given after autonomic blockade. The 44±11 mm Hg (mean SD) portion of the PES-VES relation generated by bicaval occlusion demonstrated a slight but consistent nonlinearity, apparent as a concavity toward the volume axis. This nonlinearity, present at all inotropic states, did not prevent the PES-VES relation from being well approximated by a straight line (r=0.984 0.020, SEE = 2.1 1.4 mm Hg); furthermore, the slope of the PES-VES line provided a sensitive index of contractile state, progressively increasing with incremental doses of dobutamine and decreasing in response to verapamil. The volume-axis intercept of the linear approximation of the PES-VEs relation was 2.9 3.3 ml less (p<0.05) than the volume-axis intercept of the nonlinear quadratic fit. Thus, the linear PES-VES relation, whose slope is sensitive to a wide variety of inotropic states, is a reasonable and useful description of the left ventricle in the range of PES-VES points that can be produced by bicaval occlusion in the conscious dog. However, linear extrapolation of the relation beyond the range of data points may not be accurate. (Circulation 1988;78:736-745) C onventional measures of left ventricular (LV) performance are influenced not only by the inotropic state but also by the loading conditions.1,2 Studies performed in isolated hearts have suggested that the relation between LV endsystolic volume (VEs) and pressure (PES) is nearly linear and relatively insensitive to changes in loading conditions.3-7 Furthermore, these studies indicated that the slope of this relation (EES) changes with inotropic state and thus may represent a loadinsensitive measure of inotropic state in the isolated heart. Most studies performed with in situ prepara-tions, intact animals, and humans have been consistent with these original observations in the isolated LV.8-12 The concept of a linear PES-VES relation whose slope provides a load-independent measure of inotropic state has gained wide acceptance. However, no studies in intact, conscious animals or humans have investigated possible systematic nonlinearities in the LV end-systolic pressure-volume relation.
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Recent observations have questioned the ability of EES to quantitate changes in inotropic state. Burkhoff et al'3 reported that the PES-VES relation of the isovolumically beating isolated canine ventricle contained a systematic nonlinearity when assessed over a wide range of PES. With increased inotropic state, the PES-VES relation became progressively more concave toward the volume axis, while with decreased inotropic state, the relation was convex toward the volume axis. Such an inotropicdependent curvilinearity of the PES-VES relation, if present in the ejecting LV, would indicate that the relation cannot be described by a single slope and that its response to inotropic stimulation may not be accurately quantitated from changes in EES determined from portions of the PES-VES relation. Furthermore, Crottogini et at14 found in conscious dogs that the EES did not consistently increase with inotropic stimulation produced by dobutamine. These observations suggest that EES may have substantial limitations as a measure of LV performance.
The present study was undertaken to systematically evaluate the linearity of the LV PES-VES relation generated by caval occlusion in conscious dogs over a wide range of inotropic states and to assess the ability of EES, determined from the portion of PES-VES obtained by preload reduction, to quantitate contractile function.
Materials and Methods Instrumentation Ten healthy, adult mongrel dogs (weight, 29+±2 kg) were instrumented with a previously described technique.2,15 A left lateral thoracotomy was performed under anesthesia with halothane (1-2%) after induction with xylazene (1 mg/kg) and sodium thiopental (6 mg/kg). The pericardium was opened widely. A micromanometer pressure transducer (Konigsberg Instruments, Pasadena, California) and a polyvinyl catheter for transducer calibration (i.d., 1.1 mm) were inserted through the LV apex. Three pairs of ultrasonic crystals (5 MHz) were implanted in the endocardium of the LV to measure the anterior-posterior, septal-lateral, and base-apex (long axis) dimensions.15 Hydraulic occluder cuffs were placed around the inferior and superior venae cavae.
Data Collection
All studies were performed after full recovery from the thoracotomy (10 days to 2 weeks) with the animals awake and lying quietly in a sling. The LV catheter was connected to a pressure transducer (Statham P23DB) calibrated with a mercury manometer. The signal from the micromanometer was adjusted to match that of the catheter. The transit time of 5-MHz sound between the crystal pairs was determined and converted to distance assuming a constant velocity of sound in blood of 1.55 m/msec with a sonomicrometer (Triton Technology, San Diego, California). The analog signals were recorded on an eight-channel oscillograph (Astro-Med) and digitized with an on-line analog-to-digital converter (Data Translation Devices) at 200 Hz and stored on a floppy disk memory system with a computer system (PC's Limited AT, Austin, Texas).
Effect of Incremental Infusions of Dobutamine
The effect of dobutamine (0, 2, 4, 6, and 8 uglkg/ min i.v.) was assessed in seven animals. Sufficient atropine (0-2 mg) was given to abolish the sinus arrhythmia frequently present in resting conscious dogs. Data were recorded during a steady-state, nonintervention period to obtain baseline values. The PES-VES relation was then generated by sudden, transient occlusions of the cavae. This caused a progressive fall in LV end-systolic pressure, volume, and dP/dtma, over a 12-second recording period ( Figure 1 ). Immediately after the recording period, the caval occlusion was released. After all parameters returned to their baseline level, dobutamine at progressively increasing doses was infused intravenously by a calibrated pump. Five minutes were allowed for equilibration after each dose change, after which the steady-state recording and caval occlusion were repeated. 
Effect of Verapamil
The effect of verapamil was assessed in six animals. To prevent reflex changes with verapamil, the animals were autonomically blocked with hexamethonium (5 mg/kg i.v.) and atropine (0.1 mg/kg i.v.). After baseline measurements and transient caval occlusions were performed, verapamil (10 mg/5 min i.v.) was given and the measurements repeated after a 5-minute equilibration period.
Data Analysis
The stored digitized data were analyzed by computer algorithm. The time derivative of LV pressure was calculated with the five-point Lagrange method. 16 Baseline hemodynamic values in each dog were obtained by averaging the data obtained during the 12-second steady-state, nonintervention recording periods. End systole was defined as the upper left-hand corner of the LV pressure-volume loop defined with the iterative technique described by Kono et al. 17 End diastole was defined as the relative minima after the "a" wave of the highfidelity LV pressure tracing. End ejection was defined as peak negative dP/dt (dP/dtmin). The LV volume was calculated as a modified general ellipsoid with the following equation:
where VLV is LV volume, DAP is the anteriorposterior LV dimension, DSL is the septal-lateral LV dimension, and DLA is the long-axis LV dimension. We have previously evaluated this method of volume calculation, 10, [18] [19] [20] [21] [22] [23] and it is similar to that used and validated by others,24 except that we determined endocardial dimensions directly, making the subtraction of LV wall thickness or volume unnecessary. We have found that this method gives a consistent measure of LV volume (r>0.97, SEE<2 ml) despite changes in LV loading conditions, chamber configuration, and inotropic state. Only caval occlusions that produced a fall in LV systolic pressure of at least 30 mm Hg were analyzed. Premature beats and the subsequent beat were excluded from analysis. Beats occurring after the heart rate had increased by more than 10% of initial value were also excluded. The LV endsystolic pressure-volume data during the fall of LV pressure produced by the caval occlusions were fit with the least-squares technique to: PES EES(VES VO) (1) where EES is the slope of the linear PES-VES relation and VO is the intercept with the volume axis. The volume (Vl1o) associated with a PES of 100 was calculated as:
The linearity of the PES-VES relation was evaluated by fitting the data with the least-squares technique to:
is a quantitative measure of the curvilinearity of the PES-VES relation. 13 Positive values of a indicate the relation is convex to the volume axis, while negative values indicate that it is concave to the volume axis. If the PES-VES relation is perfectly linear, a will be zero. The volume axis intercept (VON) of the nonlinear fit (Equation 2) was calculated as:
Statistical Methods
Results are summarized as the mean ± SD, and the level of significance was p<0.05. Multiple comparisons were performed by analysis of variance. Intergroup comparisons were performed by paired t tests with an appropriate correction for the performance of multiple comparisons with the Bonferroni inequality. 25 The significance of the a term in Equation 2 for each regression was evaluated with an F test.26
Postmortem Studies
At the conclusion of the experiments, the animals were killed with an overdose of pentobarbital, and the hearts were examined to confirm the proper positioning of the instrumentation. 
Results
The effects of dobutamine and verapamil on steady-state hemodynamic parameters are shown in Table 1 . A representative analog recording during a caval occlusion is shown in Figure 1 . During caval occlusion, PES fell by 44 + 11 mm Hg, and 16 + 5 beats were used to assess the PES-VES relation. PES-VES relations generated by the caval occlusions were well described by straight lines under all conditions in each animal (Figures 1, 2 , and 3 and Tables 2 and 3); r= 0.984 + 0.019 and SEE = 2.2 + 1.3 mm Hg. Despite the excellent representation of this portion of the PES-VES relation by a straight line, concavity toward the volume axis was present in most instances (Figures 2-4 ). This was apparent as a negative value for the a coefficient in Equation 2. This coefficient was significantly less than zero for most of the regressions, indicating that the qua- dratic equation provided a significantly better fit of the data than the linear regression (Tables 3 and 4 ). There was no significant difference in the value of a among the various inotropic states. Pooling all the data (control, blocked control, decreased contractility with verapamil, and progressive increases in contractility with dobutamine), a was -1.0 +±1.3 ml-2 which is significantly less than zero (p<0.01). Furthermore, a was negative, indicating concavity toward the volume axis in all but one animal during the infusion of the 8 ,ug/kg/min dobutamine (highest inotropic state) and in all animals during verapamil (lowest inotropic state). Thus, there was a slight nonlinearity of the PES-VES relation present across a wide range of inotropic states. We compared the effect of extrapolating linear and quadratic fits of the PES-VES points with the volume axis intercept. As expected from geometric considerations, VO,N was 2.9 ± 3.3 ml (p<O.05) more than VO determined from the linear fit of the PES-VES relation. Furthermore, the differences between VO and VON were inversely related to EES ( Figure 5 ). This indicates that when EES was reduced, the linear and quadratic extrapolations diverged further than when EES was increased.
During the incremental infusion of dobutamine, EES progressively increased in each animal ( Figure 2 and Table 3 ). Similarly, EES decreased in each animal in response to verapamil. VO tended to increase LV End-Systolic Volume (ml) during dobutamine infusion ( Figure 2 ) and decrease in response to verapamil (Figure 3 ), although these changes did not reach statistical significance. V1oo decreased with increasing doses of dobutamine and increased in response to verapamil (Tables 3 and 4 ).
Discussion
Because conventional measures of LV performance can be altered by changes in load, the concept of a linear PES-VES relation whose slope, EES, provides a load-independent index of contractile state has gained wide acceptance.4-7 Furthermore, the generalization of the PES-VES relation, the time-varying elastance model of the LV, helps unify many observations concerning the behavior of the LV throughout the various phases of systole. 2, [19] [20] [21] [22] 27 Recently, several limitations of the PES-VES relation have been reported. First, the relation may be shifted some by vasoactive agents; thus, PES-VES relation is not completely load-independent.'029, 30 Second, when assessed over a very wide range of PES in the isolated, isovolumically beating canine LV, an inotropic-dependent nonlinearity of the PES-VES relation has been observed.13 Under baseline conditions, the PES-VES relation was linear in the isolated isovolumic LV. However, when inotropic state was augmented, the relation was concave -1,643± 331 * PED, left ventricular end-diastolic pressure (mm Hg); PES, left ventricular end-systolic pressure (mm Hg); VED, left ventricular end-diastolic volume (ml); VEE, left ventricular end-ejection volume (ml); dP/dtm., maximum rate of change of left ventricular pressure (mm Hg/sec); dP/dtmin, minimum rate of change of left ventricular pressure (mm Hg/sec). *p < 0.05 vs. control. n, number of points used in the regression; range, range of end-systolic pressures used in the regression (mm Hg); EES, slope of the linear PES-VEs relation (mm Hg/ni); VO, volume intercept of the linear PES-VES relation (ml); VIOO, VES (ml) associated with PES = 100 mm Hg; r, correlation coefficient of linear regression (Equation 1); a, coefficient of VES2 in Equation 2 (m1-2); b, coefficient of VFS in Equation 2 (ml -); VON, nonlinear volume intercept (ml). *p<0.05 versus control; tcoefficient different from 0, p<0.05. n, number of points used in the regression; range, range of end-systolic pressures used in the regression (mm Hg); EES, slope of the linear PES-VES relation (mm Hg/ml); VO, volume intercept of the linear PES-VES relation (ml); V1oo, VES (ml) associated with PES -100 mm Hg; r, correlation coefficient of linear regression (Equation 1); a, coefficient of VES' in Equation 2 (ml-2); b, coefficient of VES in Equation 2 (ml '); VO,N, nonlinear volume intercept (ml). toward the volume axis, while with decreased contractility, the relation was convex toward the volume axis. 13 If the nonlinearity of the PES-VES relation is substantial in the range of physiological interest, then description of the PES-VES by a single slope would be inappropriate and the concept that EES provides a measure of contractility is called into question.
Previous studies of the PES-VES relation in intact animals and patients have not assessed the possibility of nonlinearities of the PES-VES relation. In the present study, we systematically assessed the linearity of the PES-VES relation over the 30-60-mm Hg range of PES that can be produced in conscious animals by caval occlusion. In this range, we found a slight but consistent concavity toward the volume axis, in most instances apparent as a negative coefficient for the VES2 term (a in Equation 2 ). This concavity was apparent with both enhanced and depressed contractile function and is similar to the curvilinearity of the PES-VES relation observed by Burkhoff et a113 in isolated ventricles when contractility is enhanced. However, in the isolated heart when contractility was depressed, the PES-VES relation over the same range of VES was concave away from the volume axis. 13 In contrast, we found no change in the nonlinearity of the PES-VES relation over a wide range of contractile states. Why do our results in conscious animals differ in this regard from those of Burkhoff et al in the isolated LVI3? Burkhoff and associates studied nonejecting beats; thus, it is possible that LV ejection may be partially responsible for the differences. It is also possible that the inotropic state of a conscious dog, even when depressed by hexamethonium and verapamil, is higher than in the isolated heart supported by cross circulation with a pentobarbital-anesthetized animal. Further, the respiratory fluctuations in PLV and the limited range of PES that can be produced by caval occlusion in a conscious animal may have prevented us from detecting an inotropic-dependent change in the amount of concavity. Despite the consistent nonlinearity present in the PES-VES relation in the present study, these relations were very well described by straight lines (Figures  2-4 ). The linear correlation coefficient was frequently more than 0.98, and the SEE was typically less than 3 mm Hg. As shown in Figures 4 and 5 , within the range of the PES-VES data points, the linear and nonlinear fits of the data were very similar. It is only when extrapolated outside of the data range that these relations substantially differ. For example, the volume axis intercept (V0) of the linear PES-VES was 2.9±3.3 ml less than VO determined from the nonlinear fit. This may explain the negative VO obtained by linear extrapolation in some previous studies, in which data were obtained by increasing arterial pressure.30 Previously, we have reported changes in VO resulting from parallel shifts of the PES-VES relation produced by coronary occlusion, ventricular pacing, or vasoactive agents. '19,2130 In each case, the shift of the PES-VES relation was apparent within the range of the actual data points (similar PES associated with different VES) and not just in the value of the extrapolated VO.
Because the effect of nonlinearities of the PES-VES relation apparent in isolated hearts and in the present study, extrapolation of a linear PES-VES relation outside of the range of data must be interpreted with caution. Furthermore, changes in the extrapolated VO should not be interpreted as indicating a shift of the PES-VES relation if a shift is not apparent in the actual range in which data is collected.3' In the present study, the slope of the linear PES-VES relation (EEs) responded to a wide range of inotropic states of the LV. In each animal, the progressive infusion of dobutamine produced a progressive increase in EES, while depression of contractile state by verapamil reduced EES. Even at the lower doses of dobutamine (2 and 4 ,ug/kg/min), EES was significantly increased, despite no change in dP/dtmax. This is in contrast to the recent findings of Lee et al,32 suggesting dP/dtmax was equally as sensitive to changes in inotropic state as EES. In our study, the effect of low doses of dobutamine on dP/ dtmax was probably offset by the decrease in enddiastolic volume.2 Thus, when determined from the portion of the PES-VES relation that can be obtained by caval occlusion in a conscious animal, EES appears to be a useful, sensitive, and consistent measure of inotropic state that is more sensitive than dP/dtmax. The sensitivity of EES to inotropic state in this study is consistent with our previous observations of the effect of a single larger dose of dobutamine (10 ,g/kg/min) in conscious or sedated animals and the response of graded doses of dobutamine and ouabain in sedated animals.9"10,22
Our results are somewhat different than those recently reported by Crottogini et al14 in conscious dogs with methods very similar to ours. They found that variable doses of dobutamine and propranolol produced no consistent changes in EES. They speculated that their results differed from our previously reported studies because of our use of a larger dose of dobutamine in the conscious animals and sedation in the other studies. These factors cannot explain the difference between their observations and our present study with a range of doses of dobutamine in conscious animals. From Figures 2 and 4 of their paper, it appears that the PES-VES relation was constructed from narrower ranges of PES (<25 mm Hg, in some instances) than in our study. This may account for lower linear correlation coefficients (0.836-0.997; mean, 0.953) and may have resulted in a greater uncertainty in the calculated EES in their study. Increased uncertainty in EES in their study might have prevented the observation of consistent changes in EES in response to small doses of dobutamine. Our results are more consistent with the recent findings of Spratt et al.31 They found that EES increased in response to dobutamine (10 gg/kg/min) and calcium (300 mg) and decreased in response to nifedipine (3 ,ug/kg), both before and after autonomic blockade. In addition, both we and Spratt et a13' observed a tendency for VO to change in the same direction as EES in response to positive and negative inotropic interventions. These changes in VO did not reach statistical significance in our study but did in the Spratt study3' before autonomic blockade. As negative inotropic stimulation on Vl00 V,l, has some potential advantages over EES as a measure of ventricular performance. First, it has the physiological significance as the VES that exists in the normal operating range (i.e., PES = 100 mm Hg). Second, it is determined from the range in which data points are obtained and does not require extrapolation, as does V0; the VEs at PES = 0. Finally, its calculation does not depend on having a large range of PES, VES points, and a similar value results from assuming the PES-VES relation is either linear or quadratic. V1005 however, does not contain information concerning the response of the LV to alterations of PES. In contrast, a high EES indicates that increases in PES will be associated with small changes in VES, while a low EES indicates that changes in PES will produce larger changes in VES. However, it must be recog-nized that changes in PES produced by vasoconstrictors may shift the PES-VES relation, potentially changing V10. 29, 30 Several potential confounding influences must be taken into account when evaluating the PES-VES relation in conscious animals. First, the accuracy of the method of volume measurement must be considered. 33 We have previously determined that the use of three ultrasonically measured LV internal dimensions provides a consistent index of LV volume during caval occlusion despite changes in inotropic state or loading conditions. Second, Sunagawa et a134 have demonstrated that a reduction in coronary perfusion pressure alters the PES-VES relation. To help avoid this problem, we did not use data points in which PES was less than 40 mm Hg. Third, acute reduction of aortic pressure by caval occlusion may activate baroreceptors and cause a reflex increase in inotropic state. This effect may become apparent after 10 seconds. 8 We minimized this problem in the verapamil studies by autonomic blockade and in the dobutamine studies by collecting data for only 12 seconds and excluding data points if the heart rate increased by more than 10% over the initial rate, indicating reflex activation. Finally, dobutamine was infused in a stepwise fashion with sequential increase in dose. Such an infusion protocol might have altered vascular resistance in addition to contractile state.
In conclusion, the present study demonstrates that the 30-50-mm Hg portion of the PES-VES relation that can be generated by bicaval occlusion in conscious animals frequently displays a slight nonlinearity apparent as a concavity toward the volume axis. This nonlinearity, present at all inotropic states, did not prevent the PES-VES relation from being well approximated by a straight line or EES from providing a sensitive and consistent index of contractile state. Thus, the linear PES-VES relation, whose slope, EES is sensitive to a wide variety of inotropic states, is a reasonable description of the LV in the range of PES, VES points that can be produced by bicaval occlusion in conscious animals. The linear extrapolation of the relation beyond the range of data points may not be accurate.
